The vertebrate immune system contains a unique subset of T cells expressing Foxp3 that prevent autoimmunity against self antigens and exaggerated immune responses. Deficiency of Foxp3 in humans results in a multiorgan autoimmune disease called immunedysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX) 1,2 . Similar multiorgan autoimmune phenotypes are observed in the Foxp3-mutant mouse strain scurfy; this strain shows excessive T helper type 1 (T H 1), T H 2 and T H 17 responses as well as exacerbated humoral responses 1,2 .
The vertebrate immune system contains a unique subset of T cells expressing Foxp3 that prevent autoimmunity against self antigens and exaggerated immune responses. Deficiency of Foxp3 in humans results in a multiorgan autoimmune disease called immunedysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX) 1, 2 . Similar multiorgan autoimmune phenotypes are observed in the Foxp3-mutant mouse strain scurfy; this strain shows excessive T helper type 1 (T H 1), T H 2 and T H 17 responses as well as exacerbated humoral responses 1, 2 .
How do Foxp3 + T reg cells control these diverse pathological responses? A series of recent studies showed that there may be multiple subsets or states of T reg cells that possess unique regulatory properties required for controlling distinct helper T cell-mediated responses. For instance, deletion of Irf4 (encoding interferon regulatory factor 4) or Stat3 (encoding signal transducer and regulator of transcription 3) in T reg cells results in dysregulation of T H 2 and T H 17 responses, respectively 3, 4 . Similarly, Tbx21 −/− T reg cells (lacking T-box transcription factor 21) fail to control T H 1 responses when transferred into scurfy mice 5 . Therefore, the activation of these transcription factors in Foxp3 − cells mediates the differentiation of effector T helper cells, whereas the same transcription factors in Foxp3 + cells are also required for the suppression of the corresponding helper T cell-mediated immunity [6] [7] [8] [9] .
A distinct subset of T helper cells expressing CXCR5 (named T follicular helper or T FH cells) regulates germinal center reactions 10, 11 . The expression of CXCR5 and the generation of T FH cells require the transcriptional repressor . Bcl-6 represses the differentiation of naive T cells into T H 1, T H 2 or T H 17 cells [12] [13] [14] .
The CXCR5-mediated homing of T FH cells into the B cell follicles [15] [16] [17] and their production of interleukin-21 (IL-21) probably provide stimuli to mature B cells to form germinal centers 18 .
How T reg cells control germinal center responses and whether there is a subset of T reg cells specialized for controlling germinal center responses remain poorly understood. CD69 − T reg cells in humans suppress the B cell response driven by CD57 + germinal center T cells in vitro 19 . Moreover, a recent study identified a nonclassical major histocompatibility complex class I molecule Qa-1-restricted CD8 + T cells as suppressors of T FH cells expressing high levels of Qa-1 (ref. 20) . Nevertheless, the uncontrolled humoral responses in scurfy mice and humans with IPEX suggest that Foxp3 + T cells are also indispensable for controlling germinal center responses. Our current results demonstrate that a subset of T reg cells express CXCR5 in a Bcl-6-dependent manner. These germinal center-specific T reg cells are generated from CXCR5 − T reg cells, and they suppress the differentiation of germinal center B cells in the follicles in vivo.
RESULTS
A subset of Foxp3 + T cells express Bcl-6 and CXCR5 Foxp3 + T cells are crucial for preventing autoantibody-mediated autoimmunity 21 . Immunohistochemical analysis of the draining lymph nodes from mice immunized with keyhole limpet hemocyanin (KLH) in complete Freund's adjuvant (CFA) showed that Foxp3 + cells were present in the peanut agglutinin (PNA) + germinal center area (Fig. 1a) . This observation prompted us to hypothesize that there is a specialized subset of T reg cells, which localize to follicular regions, and are responsible for controlling germinal center reactions. To address this hypothesis, we first asked whether there is a subset of Foxp3 + T cells expressing CXCR5, as the interaction between CXCR5 and CXCL13 mediates homing of lymphocytes to B cell follicle areas 15 . In naive mice, we found that 5-15% of Foxp3 − CD4 + T cells were positive for CXCR5 and B and T lymphocyte attenuator (BTLA) in the steady state in the spleen and Peyer's patches, and to a lesser extent in the lymph nodes (Fig. 1b) . This corresponds with spontaneous germinal center reactions in these organs. We also observed that a subpopulation of Foxp3 + T reg cells expressed CXCR5 and BTLA, especially in the spleen (Fig. 1b) .
To further characterize the CXCR5 + T reg cells, we analyzed the expression of CXCR5, Foxp3 and Bcl-6 in CD4 + T cells in mice immunized with KLH in CFA. Among Foxp3 − CD4 + T cells, most of the CXCR5 + cells co-express Bcl-6, and this population was substantially increased in the draining lymph nodes upon immunization (Fig. 1c,d) . Notably, we observed that the majority of CXCR5 + T reg cells were also Bcl-6 + , and this population was also increased upon immunization (Fig. 1c,d) .
To determine whether the Bcl-6 + CXCR5 + Foxp3 + cells are also present in humans, we stained human tonsillar CD4 + T cells from children undergoing elective tonsillectomy. We observed an evident subpopulation of Foxp3 + cells concurrently expressing Bcl-6 and CXCR5 (Fig. 1e, 7 .39 ± 1.80% in Foxp3 + population). Moreover, the Foxp3 + cells were present in the germinal center areas as well as the interfollicular areas in human tonsils (Supplementary Fig. 1 ). Collectively, these data indicate the presence of a subpopulation of T reg cells expressing Bcl-6 and CXCR5 in the germinal centers of mice and humans.
Bcl-6 is essential in the generation of CXCR5 + T reg cells The co-expression of Bcl-6 and CXCR5 prompted us to ask whether Bcl-6 promotes the expression of CXCR5 on Foxp3 + T reg cells as it does in T FH cells [12] [13] [14] . We analyzed the expression of CXCR5 and BTLA on the Foxp3 − and Foxp3 + T cells in Bcl-6 −/− mice after immunization. Consistent with previous reports [12] [13] [14] , the CXCR5 + BTLA + population in conventional CD4 + T cells was almost completely abolished in Bcl-6 −/− mice (Fig. 2a) . Compared with wild-type mice, Bcl-6 −/− mice also had a significant reduction of the CXCR5 + BTLA + population in Foxp3 + T cells (Fig. 2b) . These results indicate that Bcl-6 is essential for the generation of CXCR5 + T reg cells. In contrast, we observed more Foxp3 + T cells in the thymi and spleens, but not mesenteric lymph nodes, in Bcl-6 −/− mice than in wild-type littermates ( Supplementary  Fig. 2 ), suggesting negative regulation by Bcl-6 during the generation of natural T reg cells.
Flow cytometric analysis of CXCR5 + T reg cells showed high expression of Bcl-6, BTLA, programmed death 1 (PD-1), inducible T cell costimulator (ICOS), CD44, cytotoxic T lymphocyte antigen 4 (CTLA4) and glucocorticoid-induced tumor necrosis factor receptor (GITR), whereas the expression of CD103 and CXCR3 was low (Fig. 3a) . Therefore, the Bcl-6 + CXCR5 + T reg cell phenotype resembles the phenotypes of T FH cells but is distinct from that of the CD103 + or CXCR3 + T reg cell subset. To further characterize CXCR5 + T reg cells, we isolated CXCR5 + T reg cells and CXCR5 − T reg cells from the spleen and lymph nodes of immunized Foxp3 GFP mice (Supplementary Fig. 3a ) and determined the suppressive activity by culturing them with naive CD4 + T cells in the presence of irradiated splenocytes and antibody to CD3. We observed comparable suppressive activity between CXCR5 + and CXCR5 − T reg cells (Supplementary Fig. 3b) that CXCR5 + T reg cells expressed lower levels of the Tbx21, Irf4 and Gata3 (encoding transacting T-cell-specific transcription factor GATA-3) genes compared to CXCR5 − T reg cells ( Supplementary Fig. 3c ). To further characterize the role of Bcl-6 in T reg cells, we compared the gene expression profiles of CD25 hi CD4 + T cells isolated from Bcl-6 −/− mice or wild-type littermates. Bcl-6 −/− T reg cells expressed less Cxcr5, Pdcd1 (encoding PD-1) and Tbx21 but more Gata3, Irf4 and Rorc (encoding RAR-related orphan receptor C) compared with wild-type T reg cells (Fig. 3b) . Bcl-6 and B lymphocyte-induced maturation protein 1 (Blimp1) reciprocally repress each other's expression in T FH cells 12 . Moreover, a recent study revealed a key role for Blimp1 in inducing IL-10 and suppressing CCR6 in T reg cells 22 . We observed increased levels of Prdm1 (encoding Blimp1) and Il10 and a decreased level of Ccr6 mRNA transcripts in the Bcl-6 −/− T reg cells (Fig. 3b) . In contrast, Bcl-6 −/− T reg cells showed as efficient suppressive activity as wild-type T reg cells (Fig. 3c) .
Origin and generation of Bcl-6 + CXCR5 + T reg cells in vivo Foxp3 + T cells are generated in the thymus (natural T reg cells) or from naive CD4 + T cells in the periphery upon transforming growth factor-β signaling (induced T reg cells). To identify the developmental origin of the CXCR5 + T reg subset that we observed in the spleen, we analyzed the expression of CXCR5 and BTLA on lymphoid cells from the thymus and spleen of Foxp3 GFP mice. Compared with GFP + T reg cells in the spleen, few GFP + T reg cells in the thymus expressed CXCR5 and BTLA (Fig. 4a) . We next asked whether the Bcl-6 + CXCR5 + T reg cells were generated from naive CD4 + or natural T reg precursors in the periphery. We mixed CD45.1 + naive CD4 + T cells (CD25 − GITR − CD44 lo CD62L hi ) and CD45.2 + CXCR5 − T reg cells from Foxp3 GFP mice, intravenously transferred them into Tcrb −/− mice (lacking the T cell receptor β chain) and immunized the recipients with KLH in CFA. More than 98% of the Bcl-6 + Foxp3 + population in the recipient mice was CD45.1 − (Fig. 4b) , indicating the origin of Bcl-6 + CXCR5 + T reg cells is CXCR5 − T reg cells. Helios is a transcription factor exclusively expressed in natural T reg cells 23, 24 . We observed that the majority of CXCR5 + Foxp3 + cells expressed Helios, suggesting they originated from natural T reg cells (Fig. 4c) . IL-6 and IL-21 have been shown to be required for the generation of T FH cells 10, 11, 13 . When we stimulated CXCR5-negative Foxp3 + T cells with IL-6 and IL-21, we observed little difference in the levels of Cxcr5 and Bcl-6 mRNA transcripts (Supplementary Fig. 4 ). These data overall indicate that Bcl-6 + CXCR5 + T reg cells are absent in the thymus but induced in the periphery from CXCR5 − Foxp3 + natural T reg cells. 4-to 5-week-old scurfy mice, we observed greatly expanded Bcl-6 + CXCR5 + T FH cells as well as GL7 + CD95 + germinal center B cells (Fig. 5a,b) . Of note, the difference was greater in the GL7 + CD95 + B cell population (>40-fold higher in scurfy compared to wild-type) than in the Bcl-6 + CXCR5 + T FH cell population (1.94 to 2.4-fold increases). These data indicate that Foxp3 + T cells are essential for controlling both the T FH response and germinal center B cells.
To directly address whether Bcl-6 + CXCR5 + T reg cells control germinal center reactions in vivo, we isolated T reg cells from wild-type and Cxcr5 −/− mice (CD45.2 + ), mixed them with CD45.1 + naive CD4 + T cells (CD25 − GITR − CD44 lo CD62L hi ) at a 1:9 ratio and then transferred them into Tcrb −/− mice. The recipients were subcutaneously (s.c.) immunized with KLH in CFA, and the lymphoid cells in the draining lymph nodes were analyzed. We observed a comparable percentage of Foxp3 + cells among CD4 + cells from wild-type and Cxcr5 −/− T reg recipients (Fig. 6a) . Notably, we observed a significant increase in the percentage of the GL7 + CD95 + B cell population in the recipients of Cxcr5 −/− T reg cells compared with that in the recipients of wild-type T reg cells (Fig. 6b,c; 4.13 ± 0.45% versus 2.07 ± 0.25%, P = 0.0014). We also observed a small, statistically insignificant increase in the percentage of CXCR5 + BTLA + CD4 + T cells among the CD45.1 + population (originally naive T cells) in the Cxcr5 −/− T reg cell recipients compared with that in the wild-type T reg cell recipients ( Fig. 6d; 26.85 ± 3.19% versus 20.54 ± 2.11%, P = 0.121). Wild-type T reg cells distributed throughout the whole lymph node, including PNA + areas, whereas the Cxcr5 −/− T reg cells showed more restricted distribution in the T cell area (Fig. 6e) . Immunohistochemical analysis with antibodies to CD4 and PNA showed comparable numbers of CD4 + T cells in the germinal centers between the two groups (112.9 ± 14.3 versus 117.2 ± 18.56 cells per germinal center) but fewer Foxp3 + cells in the germinal centers in Cxcr5 −/− T reg cell recipients (20.25 ± 6.30 versus 7.83 ± 2.09 cells per germinal center).
To further address the function of Bcl-6 + T reg cells in vivo, we performed a similar adoptive transfer experiment with T reg cells from wild-type or Bcl-6 −/− mice. Notably, we observed a marked increase in the percentage of GL7 + CD95 + B cells in the recipients of Bcl-6 −/− T reg cells compared with that in the recipients of wild-type T reg cells (Supplementary Fig. 5a,b,e) . However, the CXCR5 + BTLA + CD4 + T cell population among CD45.1 + cells was comparable between the two groups (Supplementary Fig. 5c ). Consistent with data in Figure 2b , the CXCR5 + BTLA + population among donor T reg cells (CD45.2 + CD4 + ) was significantly smaller in the recipients of Bcl-6 −/− T reg cells (Supplementary Fig. 5d ), indicating that Bcl-6 expression in T reg cells is required for the generation of CXCR5 + BTLA + T reg cells.
Affinity maturation of antibodies is a hallmark of T cell-dependent humoral responses. To examine whether Bcl-6 + CXCR5 + T reg cells also regulate affinity maturation, we performed a similar adoptive transfer experiment, except that we immunized the recipient mice with 4-hydroxy-3-nitrophenyl (NP)-conjugated KLH in CFA. The levels of NP-specific IgM at day 5 after immunization were comparable between two groups (Supplementary Fig. 6a ). At this time point, we observed a weak induction of global affinity IgG1 and IgG2b in the Bcl-6 −/− T reg cell recipients, but not in wild-type T reg cell recipients. By day 10, we observed that the Bcl-6 −/− T reg cell recipients produced significantly higher amounts of NP-specific global affinity IgG1, IgG2a and IgG2b than wild-type T reg cell recipients, with comparable amounts of IgM (Fig. 6f) . The production of high-affinity IgG1, IgG2a and IgG2b was also greater in the Bcl-6 −/− T reg cell recipients (Fig. 6f) . Furthermore, both NP-specific B cells and B220 − CD138 + plasma cells were significantly higher in the Bcl-6 −/− T reg recipients (Fig. 6g) . The Bcl-6 −/− T reg cell recipients showed slight increases in number of antibody-forming cells and in the IgD − IgM − B220 + memory B cell population (Supplementary Fig. 6b,c) . Collectively, these data indicate that the Bcl-6 + CXCR5 + subset of T reg cells has a crucial role in controlling germinal center B cell responses in vivo, including affinity maturation and plasma cell differentiation.
Splenocytes re-stimulated with KLH secreted less, but not significantly different, amounts of interferon-γ and IL-17 ( Supplementary  Fig. 7 ), indicating that Bcl-6 −/− T reg cells are at least as efficient as wildtype T reg cells in regulating T H 1, T H 2 and T H 17 responses in vivo.
DISCUSSION
Here we identified the Bcl-6 + CXCR5 + Foxp3 + T cell as a distinct effector T reg subset specialized for controlling germinal center reactions. Bcl-6 + CXCR5 + T reg cells resemble follicular helper T cells by expressing BTLA, PD-1 and ICOS but are distinct from CD103 + and CXCR3 + T reg subsets. This CXCR5 + subset of T reg cells was absent in the thymus but can be differentiated from CXCR5 − natural T reg cells in the periphery upon antigenic stimulation, a process that is dependent on Bcl-6. Therefore, we propose an analogous differentiation pathway between T FH cells and T FR cells to balance B cell responses in vivo (Supplementary Fig. 8 ).
Compared with wild-type T reg cells, both Cxcr5 −/− T reg and Bcl-6 −/− T reg cells were substantially less efficient in suppressing the generation of germinal center B cells, the affinity maturation of antibodies and the differentiation of plasma cells.
Humoral immunity is not completely dependent on T FH cells; rather, T H 1, T H 2 and T H 17 cells partially contribute to germinal center formation. For instance, interferon-γ-producing T H 1 cells and IL-4-producing T H 2 cells in the follicles have key roles in IgG2a and IgG1 class switching in mice 25 , even though the generation of CXCR5 + T FH cells is known to be independent of these cytokines 10 . In addition, IL-17 was previously reported to trigger B cell proliferation and IgG2a isotype switching in mice 26, 27 , and T H 17 cells might be responsible for the generation of spontaneous germinal centers in autoimmune BXD2 mice 28 . Therefore, it was not unexpected that mice specifically lacking Irf4 in Foxp3 + cells show uncontrolled T H 2 responses and enhanced germinal center formation 4 . We believe that the Bcl-6 + CXCR5 + T reg cells described here are not solely responsible for controlling humoral immunity but rather cooperate with the other subsets of T cells. We propose that, owing to their homing property to the B cell area, the Bcl-6 + CXCR5 + subset of T reg cells controls the later stage of germinal center reactions, such as differentiation of GL7 + CD95 + B cells, antibody affinity maturation and differentiation of plasma cells. The mechanism underlying Bcl-6-mediated CXCR5 + T FR cell generation is not clear at this stage. Moreover, a recent study demonstrated that the AP-1 transcription factor BATF is required for the expression of Bcl-6 and the transcription factor c-Maf 29 . c-Maf is also known to be involved in the generation of T FH cells 30 . It would be interesting to examine whether BATF and c-Maf are also required for the differentiation of the T FR subset.
One recent study reported that Qa-1-restricted CD8 + T reg cells directly inhibit Qa-1 + T FH cells, a process that is dependent on IL-15 (ref. 20) . These T FH -specific CD8 + T reg cells express high amounts of ICOSL and CXCR5, but not Foxp3. Qa-1-mutant mice show a more than fivefold increase in the T FH population and a 15-fold increase in the number of GL7 + CD95 + B cells at the age of 6 months 20 . We observed that scurfy mice have a moderate increase in the T FH population but a marked increase in GL7 + CD95 + B cells. These observations together suggest nonredundant roles of the CD8 + T reg cells and Foxp3 + T reg cells in vivo in controlling the follicular and germinal center reactions. CD8 + T reg cells may be more specialized to control the generation of T FH cells, whereas T FR cells may be more specialized to control the generation of germinal center B cells. Further study will be needed to dissect how diverse Foxp3 + or Foxp − regulatory T cells serve as suppressors for humoral response and germinal center reactions.
Human CD69 − CD25 + CD4 + T cells have been reported to suppress germinal center T cell and B cell responses 19 . It is not clear whether CD69 − CD25 + CD4 + T cells express Bcl-6; however, it is possible that CD69 − T reg cells are the precursors of Bcl-6 + CXCR5 + T reg cells. The existence of Bcl-6 + CXCR5 + T reg cells in the spleen of healthy naive mice indicates stable expression of Bcl-6 and CXCR5 in this subset of T reg cells. Foxp3 + T cells can differentiate into T FH cells in Peyer's patches 31 . In contrast, Foxp3 + T reg cells seem to be quite stable in vivo even under inflammatory conditions 32 . When we transferred sorted CXCR5 + T reg cells into Tcrb −/− mice, we observed a smaller population of CXCR5-expressing donor T reg cells upon immunization (data not shown). Further studies using fate-mapping genetic tools and Bcl-6-reporter mice will be needed to examine the stability of Bcl-6 + CXCR5 + T reg cells.
In summary, our study has unveiled the Bcl-6-CXCR5 axis in T reg cells as a new mechanism for controlling germinal center responses. Adoptive transfer of T FR cells might be a promising approach to treat autoantibody-mediated inflammatory disorders such as lupus and rheumatoid arthritis 33, 34 . This previously undescribed subset of T reg cells adds to the complexity of immune-suppressive mechanisms co-opted by T reg cells.
